Multi-beam laser interference (MLI) lithography is known to be one of the fabrication techniques of photonic crystals. In MLI lithography, laser beams are interfered on a scale of the wavelength of light and are irradiated to photosensitive films. We have paid attention to photosensitive TiO 2 -organic hybrid film, which has high refractive index. TiO 2 -organic hybrid periodic pillar patterns were fabricated by MLI lithography. The TiO 2 hybrid film, which was prepared from Ti-alkoxide and β-diketone by the sol-gel method, was exposed to the interference pattern of femtosecond pulses at 800 nm wavelength. After laser irradiation, the unirradated portion was removed by the development and rinse. Two-dimensional periodic standing alone pillars and 2 × 2 and 3 × 3 top-gathering pillars, which were gathered at the top by means of self-organization were formed by changing conditions such as laser irradiation time and film thickness. The pillar patterns depended upon the rinse liquid, the diameter, and the height of pillars. The top-gathering pillars are applicable for diffractive optics.
INTRODUCTION
Two-dimensional (2D) periodic arrays on the scale of the wavelength of light have been applied to various devices such as diffraction gratings and photonic crystals (PCs). [1] [2] [3] Many techniques have been used to fabricate periodic arrays for PCs. Multi-beam laser interference (MLI) lithography is one of the useful techniques of fabrication of PCs. [4] [5] [6] [7] In MLI lithography, photosensitive materials are exposed to the light interference pattern, are developed and rinsed in an appropriate liquid, resulting in periodic arrays. Generally, in conventional lithography, patterns of the photosensitive material receive strong mechanical force during drying of rinse liquid, then the patterns become unstable, and finally collapse or are distorted as the aspect ratio of pillar height to pitch increases.
8-10
The capillary force due to the surface tension of the rinse solvent has potential to make new patterns of photosensitive materials.
Recently, 2D patterns of polyimide pillars with submicrometer repetitions have been fabricated by electronbeam lithography, and bunching structures of such pillars could be produced when the diameter of the pillars is very small. 11 In the bunching structures, several pillars are gathered at the top by means of self-organization. We also reported "top-gathering" pillar patterns of an organic-inorganic hybrid material fabricated by UV light lithography.
12 When the capillary force was controlled by changing the distance of the neighboring pillars, four pillars were gathered at the top, and their top-gathering pillars were arranged periodically. The top-gathering pillar patterns are attractive to use as templates for fabricating new structures such as pyramidal structures for luminescence components or photonic devices such as tunable photonic crystals.
In our previous work, organic-inorganic hybrid materials with photosensitive organic molecules such as unsaturated hydrocarbon were used to fabricate 2D periodic pillar patterns with submicrometer diameter using MLI lithography by femtosecond (fs) laser. 7, 13 The photosensitive hybrid patterns can be changed to inorganic patterns after the calcination; removal of organic components from the initial patterns of hybrid materials.
14, 15
The top-gathering pillar patterns of organic-inorganic hybrid materials are useful in the fabrication of complex inorganic patterns, which cannot be obtained by conventional lithography.
Especially, TiO 2 -organic hybrid materials are advantageous, because new periodic patterns of TiO 2 that has high refractive index are applicable for photonic devices. We have reported fabrications of photosensitive TiO 2 -organic hybrid films, which were prepared from a Ti alkoxide modified with a β-diketone and an unsaturated hydrocarbon, by the sol-gel method.
13, 16
In the TiO 2 -organic hybrid film, β-diketonate chelate between Tialkoxide and β-diketone was decomposed by multi-photon absorption (MPA) of fs laser. The solubility in an appropriate liquid of the exposed parts decreased by the decomposition of the β-diketonate chelate. After the development using the appropriate liquid, TiO 2 -organic hybrid periodic pillars could be fabricated. The topgathering pillar patterns of the TiO 2 -organic hybrid material has not been reported and conditions to form the top-gathering pillars have not been clarified yet.
In this paper, we report formation conditions of standing alone pillars and top-gathering pillars, which are composed of a certain number of pillars gathered at the top, of TiO 2 -organic hybrid materials by MLI lithography using fs laser. One of optical properties, diffraction images of a few kinds of fabricated periodic pillars such as standing alone pillars and top-gathering pillars are observed.
EXPERIMENTAL
TiO 2 -organic hybrid gel films were prepared by the sol-gel method. Titanium tetra-n-butoxide (Ti(O-nBu) 4 , Soekawa Chemical Co. Ltd.) was reacted with 2-(methacryloyloxy) ethyl acetoacetate (MEAcAc, Acros Organics), which was a β-diketone. The molar ratio of Ti(O-nBu) 4 and MEAcAc was 1:1. After stirring the solution for 15 min at room temperature, H 2 O was added dropwise to the sol. The molar ratio of H 2 O to Ti(O-nBu) 4 was 2:1. The sol was stirred for 3 h at room temperature. The sol was then spin-coated for 20 sec on glass substrates. The spinning speed was controlled as to form films of 1.4 to 4.3 µm in thickness. The hybrid films were baked at 80
• C for 10 min.
The film was then exposed to the interfering pattern of fs laser pulses, which were obtained from Ti:sapphire regenerative amplifier (wavelength of 800 nm, pulse duration of 150 fs, and repetition rate of 1 kHz). The optical setup has been previously reported. 6 Briefly, a diffractive beam splitter (G1023A MEMS Optical Inc.) divides the input laser pulses, and the four diagonal beams were focused on the film by a two-lens system. The interference light set at a 1.0 µm pitch by the interference angle (the angle between the main optical axis and the other beam in air). The single-pulse energy (sum of all beams) was 20-45 µJ. After laser irradiation for 1-15 min, the films were developed in 2-ethoxyethanol for 1 min to remove unirradiated portion. After that, the remaining patterns were rinsed by water or 2-ethoxyethanol and dried. The remaining patterns on the substrate were observed by a scanning electron microscope (SEM; JSM-5310,JSM-6700FT; JEOL).
Diffraction images from the fabricated periodic pillar patterns were observed by an optical setup 17 as shown in Fig. 1 . A real image of the periodic pillar patterns on the glass substrate was magnified by an objective lens L 1 with a numerical aperture (NA) of 0.90 and imaging lens L 2 . Optical path was illustrated by a solid line in the figure. The real image was focused on an aperture and observation area of the periodic pillar patterns was selected by the aperture (φ=1 mm). The selected real image was magnified by a lens L 3 and observed by a charge-coupled-device (CCD) camera C 1 . A diffraction image of the selected pillars was observed through optical path illustrated by a dashed line. The periodic pillar patterns were illuminated with a beam of He-Ne laser (wavelength of 633 nm). The scattered light from the periodic patterns was collected with the lens L 1 . At the back focal point B of L 1 , the Fourier pattern of the real image was formed. The image corresponded to a diffraction image. The diffraction image was magnified with lenses L 2 , L 3 and L 4 , and then projected onto a CCD camera C 2 .
RESULTS
Top view SEM images of TiO 2 -organic hybrid pillars are shown in Fig. 2 . They were produced by an irradiation of 40 µJ single-pulse energy on the film of 1.4 µm in thickness and a rinse by water. In Fig. 2(a) and (b), the pillars fabricated by irradiations for (a) 1 min and (b) 5 min. In Fig. 2(a) , most of pillars stood vertically, but several pillars fell down and gathered irregularly at the top. In Fig. 2(b) , all pillars were standing perpendicular to the substrate, and they were arranged with a tetragonal lattice. From a comparison of Fig. 2 (a) and (b), the diameter of the pillars increased with increasing the irradiation time. This means that the photoreaction proceeded during the laser irradiation and the photopolymerized area expanded. The percentage of the standing pillars in an array is plotted against the diameter D of the pillars in Fig. 3 . It was difficult for pillars to keep standing vertically as their diameters decreased. Some of the pillars fell down and were gathered at the top when the pillar diameter was smaller than 0.7 µm (D < 0.7 µm). o with respect to the substrate. In Fig.  4(a) , all pillars were standing perpendicular to the substrate, and they formed a 2D periodic pattern with a tetragonal lattice. In Fig. 4(b) , the pillars were gathered at the top by means of self-organization, and 2 × 2 "top-gathering" units were formed. The top-gathering units were arranged periodically. In Fig. 4(c) , the many pillars were gathered at the top, but the top-gathering units of dozens of pillars did not arrange periodically.
SEM images of TiO
Percentage of standing alone pillars, 2 × 2 top-gathering pillars and 3 × 3 top-gathering pillars in an array was plotted against the diameter of the pillar D in Fig. 5 . The height of the pillars are (a) 1.4 µm, (b) 2.1 µm, and (c) 3.0 µm. In Fig. 5(a) (h = 1.4 µm) , the pillars stood vertically to the substrate when the diameter was over 0.8 µm (D ≥ 0.8 µm), and the 2 × 2 and the 3 × 3 top-gathering pillars were formed when the diameter was between 0.5 and 0. One of the optical properties, diffraction images of periodic pillars were observed using the optical setup as shown in Fig. 1 . SEM images of (a) standing alone pillars, (b) 2 × 2 top-gathering pillars and (c) 3 × 3 top-gathering pillars, which were observed the diffraction images, are shown in Figs. 6(a-1), (b-1) and (c-1) . The diffraction images observed by CCD camera C 2 (see in Fig. 1 ) are shown in Figs. 6(a-2) , (b-2) and (c-2). The real images measured by C 1 , which corresponded to the SEM images of Figs. 6(a-1), (b-1) and (c-1) , respectively, are inserted small in the diffraction images. In Fig. 6(a-2) , a central spot corresponded to the diffraction light of the zero order, and four diagonal spots corresponded to the diffraction of the first order. From Fig. 6(a-2 (b-2) and (c-2), the diffraction spots increased and became complex with increasing number of the top-gathering pillars in a unit.
Intensity of the diffraction patterns, which was normalized by a peak intensity of the zero diffraction order, is shown in Fig. 7 . The intensity of the diffraction images is shown as a function of the position along the spatial frequency, k x axis (see inset in Fig. 6 ). In Fig. 7 , the zero pixel in an x-axis corresponded to the center spot of the diffraction image as shown in Fig. 6 . Then, the x-axis was proportional to the k x . The peaks corresponded to the diffraction spots. In the case of the standing alone pillars (Fig. 7(a) ), the peaks at ±80 pixel were assigned to the first diffraction order. The peaks at ±40 pixel of the 2 × 2 top-gathering pillars (Fig. 7(b) ) and those at ±27 pixel of the 3 × 3 top-gathering pillars (Fig. 7(c) ) were also assigned to the first diffraction order. The first diffraction of the 2 × 2 top-gathering pillars appeared at the one-second of that of the standing alone pillars, and that of the 3 × 3 pillars appeared at the one-third. In briefly, the peak assigned to the first diffraction order shifted to small spatial frequency. By considering the fact that the repetition period of the 2 × 2 top-gathering pillars is larger than twice as that of the standing alone pillars and that of the 3 × 3 pillars is larger than three times (see Fig.6 ), it was found the diffraction images reflected the periods of the pillar arrays. The results suggest that the top-gathering arrays are useful for diffraction devices. 
DISCUSSION
We could fabricate three kinds of pillar patterns: the standing alone pillars, the 2 × 2 top-gathering pillars and the 3 × 3 top-gathering pillars. The standing alone pillars could be obtained easier when the pillars were rinsed by water than that by 2-ethoxyethanol. The units of gathering pillars enlarged as the pillar height increased and the pillar diameter decreased. From these results, it was found that the pillar patterns depended on three factors: the kinds of the rinse liquid, the height and the diameter of the pillars. The three factors influenced the capillary force during drying of the rinse liquid.
When a pair of two square pillars of side length D are immersed in liquid, the capillary force P are expressed as,
where σ is the surface tension, θ is the contact angle of the rinse liquid, and l x is separated distance between neighboring pillars.
When water was used as a rinse liquid (Fig. 3) , the standing alone pillars were obtained more easily than that of 2-ethoxyethanol ( Fig. 5(a) ). The surface tension of water is σ = 71.99 mJ/cm 2 , and it is larger than that of 2-ethoxyethanol (σ = 28.35 mJ/cm 2 ). 19 It was expected from eq. (1) that the pillars rinsed by water fall more easily than those by 2-ethoxyethanol, which differs from the results. The difference of pillar patterns rinsed by water and 2-ethoxyethanol could not be explained by only the surface tension. The contact angle of the rinse liquid should be considered. 20 The measured contact angle θ of water for the hybrid film was about o and it was smaller than that of 2-ethoxyethanol that was under 5 o . The capillary force of 2-ethoxyethanol calculated from eq. (1) was a little larger than that of water when the other parameters (h, D, and l x ) were constant. By the consideration of not only the surface tension but also the contact angle, it can explain that the pillars rinsed by 2-ethoxyethanol fall more easily than those by water.
The units of the top-gathering pillars enlarged, i.e., the numbers of the top-gathering pillars increased from 2 × 2 to 3 × 3 with increasing the height of the pillar h (Fig. 5) . From eq. (1), the capillary force increases with increasing h. By the increase of the capillary force, the pillars fell easily down and the units of the top-gathering pillars enlarged.
On the other hand, the number of pillars in a top-gathering unit decreased with increasing of the pillar diameter D. This means that it is difficult for the pillars to fall down when the diameter D increases. When the pillar diameter is large, the capillary force increases based on eq. (1). In this case, the distance between the center of neighboring pillars was constant independently of the pillar patterns, so the separated distance between neighboring pillars l x decreased with increasing the diameter of pillars D. The decrease of l x influenced more strongly the capillary force than the increase of D, resulting in the increase of the capillary force. Thus, top-gathering pillars were formed easily with decreasing the diameter of pillars.
From the several conditions to fabricate the different pillar patterns, we clarify following factors to control the top-gathering: (1) the surface tension and the contact angle of the rinse liquid, (2) the height of the pillars and (3) the diameter.
CONCLUSIONS
In summary, we produced hybrid TiO 2 -organic pillar patterns by the multi-beam laser interference lithography. The standing alone pillars, the 2 × 2 top-gathering pillars and the 3 × 3 top-gathering pillars could be obtained depending on the kinds of rinse liquid, the height and the diameter of the pillars, which influenced the capillary force during drying the rinse liquid. The top-gathering pillars will be applicable for new tunable diffractive optics.
